Upon infection of insect cells with Autographa califomica nuclear polyhedrosis virus (AcAMNPV), viral genes are expressed in a coordinated temporal fashion. Early genes are thought to be transcribed by the host RNA polymerase 11 (16, 19, 21) in the absence of newly synthesized protein synthesis or viral DNA replication (9, 11, 20, 23, 30, 36, 40, 42) . In contrast, late and very late genes appear to be transcribed by an a-amanitin-resistant virus-induced RNA polymerase activity (12, 13, 16, 21) . Transcription of late and very late genes is contingent on viral DNA replication and newly synthesized proteins (11, 20, 36, 39, 45) .
To direct a late temporal pattern of expression during infection, late promoters require only the sequence TAAG and possibly a few flanking nucleotides (26, 27, 34) , but activation of late promoters requires the expression of a number of viral genes. Several of the AcMNPV genes involved in late and very late gene expression have been identified by characterizing temperature-sensitive mutants defective in early or late gene expression and/or DNA replication (i.e., p143, p47, and ie-1) (14, 25, 29, 35) . Five more genes have been identified recently by using a transient expression assay (23, [30] [31] [32] in which all trans-acting factors required for late or very late promoterdirected reporter gene expression are provided by an overlapping library of AcMNPV genomic clones. Specific genes required for reporter gene expression are identified by replacing the large AcMNPV library clones with subclones containing single trans-activating genes.
In this study, we have used this assay to identify another AcMNPV gene involved in expression from the late major capsid protein (vp39) and very late polyhedrin (polh) gene promoters but not from the early etl promoter. This gene, designated the late expression factor 6 gene (lef-6), was previously sequenced (open reading frame [ORF] 14 in reference 5). The translational initiation codon for this ORF is located only 4 nucleotides (nt) downstream of the termination codon of Ac-iap, a homolog of two other baculovirus genes RNA isolation and Northern (RNA) blot analysis. Total RNA was isolated (6) from SF-21 monolayers either mock or AcMNPV infected at a multiplicity of infection of 20 PFU per cell. Cycloheximide (100 ,ug/ml) or aphidicolin (5 ,ug/ml) was added to specific samples as described previously (36) except that cycloheximide pretreatment was for 30 min.
RNAs complementary to the lef-6 or the Ac-iap message were prepared by in vitro transcription, using T7 RNA polymerase (Stratagene, La Jolla, Calif.) in the presence of [32P]UTP, and used as probes for Northern blot analyses as described previously (2) . A lef-6-specific RNA probe was prepared by using plef6/Sal, which contained a 179-bp Sall fragment derived from the lef-6 ORF. To detect Ac-iap transcripts, a 329-base RNA probe was prepared from pAc-IAP-PsdelNsi-Ps which contained a 737-bp insert from a unique MluI (30) . Although the ends of these three clones are not known precisely, they overlap in the region between 14.2 and 18.4 m.u. (Fig. 1A) . 7) . Also, omission of BC5 and HL5, the clones extending toward the left and right, respectively, of this region encompassed by the three library clones, did not dramatically affect expression (Fig. 1B, lane 8) . However, simultaneous omission of the three library clones, BC5, HL8, and HL5, reduced expression substantially (Fig. 1B, lane  9) . Thus, the gene(s) necessary for expression from the vp39 promoter seemed to be contained within all three library clones, although there was the possibility that there were at least two functionally redundant genes in this region. The slight decrease (two-to fivefold) in late gene expression which is sometimes observed upon omission of one or two of these clones and in the presence of lef-1 (pBCNE) may be due to a gene copy number effect (i.e., additional copies of the gene in question were supplied by BC5, HL8, or HL5).
To identify the specific gene(s) necessary for expression from the vp39 promoter in this region, we replaced BC5, HL8, and HL5 with pBCNE, to supply lef-1, and pPstl-I (Fig. 1A) , a clone containing the PstI I fragment which spans most of the overlap among the three clones. This clone was able to reconstitute CAT activity in the presence of the remaining set of AcMNPV clones and pBCNE ( Fig. 1B ; compare lanes 1 and 10). Subclones of pPstI-I, pPstIRV and pAcIAP-Ps, were also able to substitute for the lack of BC5, HL8, and HL5 (Fig. 1,  lanes 11 and 12) . Plasmid pAcIAP, which contained the Ac-iap (10) and other smaller overlapping ORFs, was not able to supply the gene(s) necessary for significant expression from the vp39 promoter (Fig. 1B, We also tested a plasmid, pIAPZ, similar to pPstIRV in which the region between the NrulI and AatII sites within Ac-iap was replaced with E. coli lacZ cassette in which lacZ is under Drosophila melanogaster hsp7O promoter control and terminated by a simian virus 40 polyadenylation signal (Fig.  1A ). This plasmid was not able to restore expression (data not shown). We can account for the inactivity of this plasmid on the basis of our further characterization of transcription in this region; the region of Ac-iap between the BglI and AatII sites contains the start site for early transcription of lef-6 ( Fig. 3D) . Thus, the deletion in pIAPZ removed the early lef-6 promoter and start sites, disrupting transcription of lef-6. Furthermore, the same lacZ cassette, when introduced in either orientation further upstream between the NruI and NsiI sites within Ac-iap, did not disrupt lef-6 activity (data not shown). The effect of these lacZ insertions indicated that lef-6, rather than the antisense ORFs 6-1 and 4-2, was responsible for the activity in this region. We have designated this trans-activating gene lef-6 (Fig. 1A) .
Role of kf-6 in expression from the early etl and very late polh gene promoters. To determine if lef-6 was affecting early or very late gene expression, we tested the effects of the presence or absence or lef-6 on expression from the early etl or very late polh promoter, using pETCAThr5 or phcwt, respectively, as the reporter plasmid. The removal of BC5, HL8, and HL5 from the set of AcMNPV clones in the presence or absence of lef-I (pBCNE) and lef-6 (pPstIRV/BglI-Ps) did not affect expression from this early promoter ( Fig. 2A) , confirming previous results that ie-1 (94.7 to 96.9 m.u.) is sufficient for substantial expression from the etl promoter (32) . In contrast, expression from the very late polh promoter required lef-6 for efficient very late gene expression in this assay (Fig. 2B) .
Transcriptional mapping of the 5' ends of the lef-6 RNAs. We were interested in investigating the transcriptional pattern and regulation of lef-6. The translational start codon (ATG) of LEF-6 and the translational stop codon (TAA) of Ac-IAP are separated by only 4 bp, TAATAAAATG, overlapping a potential polyadenylation signal (in boldface).
The 5' ends of lef-6 were mapped by both primer extension analysis and S1 nuclease protection assays. An oligonucleotide complementary to 15 nt spanning the Sall site positioned 94 bp downstream of the first and only methionine in LEF-6 was used to reverse transcribe RNAs extracted from mock-or AcMNPV-infected SF-21 cells harvested at specific times postinfection (p.i.). Two main polymerase extension products of 178 and 165 nt, mapping to -85 and -71 nt with respect to the methionine, were clearly seen (Fig. 3B) . The two extension products had similar temporal kinetics of expression. The larger extension product mapped to a CAGT motif (Fig. 3B  and D) , a common start site in some but not all early baculovirus transcriptional start sites (4, 7, 17, 18, 38) , although a consensus TATA box is not present 30 nt upstream. Both extension products present at 3, 6, 9, and 12 h p.i. but absent at 24 and 48 h p.i. were virus specific. These products were also observed with RNAs prepared from cells treated with either the protein synthesis inhibitor cycloheximide or the DNA synthesis inhibitor aphidicolin at 9 and 12 h p.i. (Fig. 3B) . Transcription was slightly enhanced in the presence of cycloheximide and slightly reduced in the presence of aphidicolin at 9 and 12 h p.i.
To map the 5' termini of lef-6 RNAs by S1 nuclease protection analysis, we used a 4.4-kbp DNA fragment which was 5' end labeled at an XbaI site (Fig. 3A) and extended through the MluI site upstream of Ac-iap into vector sequences. Two fragments of approximately 225 and 210 nt (Fig.  3C, thin arrows) , mapping just downstream of the BglI site (Fig. 3C , lane PIBglI) were observed throughout the time course except at 24 and 48 h p.i. (Fig. 3C) . These protected fragments were also observed at 9 and 12 h p. The S1 nuclease protection assays also showed a number of large unresolved protected fragments (Fig. 3C , thick arrow) present from 6 h p.i. and in the presence of cycloheximide but not in the presence of aphidicolin. Since these transcripts mapped upstream of the NsiI site (Fig. 3C , lane PINsiI), they probably originated from the Ac-iap promoter.
Mapping the 5' termini of Ac-iap transcripts. The 5' ends of Ac-iap RNAs were mapped by primer extension analysis using an oligomer complementary to 19 nt immediately upstream of the first methionine of Ac-IAP. Two extension products, spaced 1 nt apart (Fig. 4A , arrows e), were apparent for RNAs isolated at 9 and 12 h p.i. in the presence or absence of cycloheximide but were not observed in RNA isolated from aphidicolin-treated cells. These products were still apparent at 24 and 48 h p.i., albeit at lower levels. At least two major (Fig.  4A , arrows a and d) and two minor products (Fig. 4A, (Fig. 4A and B ), but because of the large size of product a, it is difficult to ascertain the exact nucleotide where this extension product terminates. The ATGs for ORFs 1-3 and 2-8 lie between the late start sites and the ATG of Ac-iap (Fig. 1A) . Thus, it is possible that these late transcripts are polycistronic. Figure 4B summarizes the approximate positions where all of the observed extension products terminated.
Transcriptional mapping of the 3' ends of lef-6 RNAs. The 3' termini of lef-6 RNAs were mapped by using a 3.3-kbp fragment 3 ' end labeled at the second Sall site within lef-6 and extending past the PstI site at 17.9 m.u. into vector sequences (Fig. SA) . At least two bands, approximately 240 and 255 nt in length, were observed in the autoradiogram (Fig. 5B, (Fig. 3C) to initiate further upstream, probably from the Ac-iap promoter (Fig. 4) . Furthermore, there are no TAAGs present on the DNA strand containing these ORFs between TAAGs upstream Ac-iap and the polyadenylation signals downstream of lef-6.
Northern blot analysis of lef-6 transcripts. We determined the temporal regulation and overall size of lef-6 RNAs by Northern blot analysis. Three RNAs of approximately 1.8, 1.6, and 0.95 kb were observed when the blot was hybridized with a lef-6-specific RNA probe ( Fig. 6A and B) . The 0.95-kb RNA was observed at 3 h p.i., was maximal at 9 h p.i., declined slightly at 12 h p.i., and was not observed at later times (Fig.  6B, arrow c) . The 0.95-kb RNA was the only one of the three transcripts observed in the presence of both cycloheximide and aphidicolin, indicating it is an early transcript which persists in the presence of other early gene products. The pattern of expression of this RNA was consistent with the pattern of expression observed by primer extension and 5' S1 analyses for lef-6 RNAs initiating from within the Ac-iap ORF (Fig. 3B and  C, thin arrows) . The predicted size of transcripts initiating at the CAGT upstream of lef-6 and terminating at the polyadenylation site just downstream of the lef-6 termination codon (Fig. 6A) (Fig. 4) ; these late RNAs may comigrate with the early 1.6-kb RNA in Northern blots, thus explaining the increased levels of expression seen in the 1.6-kb RNA at 24 h p.i. in Northern blot analysis (Fig. 6B, arrow b) . The labeled fragment used to map the 5' ends of lef-6 transcripts by SI nuclease protection analyses is indicated above the lef-6 and Ac-iap ORFs, represented as arrows above a restriction map of this region. The asterisk shows the position (XbaI site) at which the fragment was 5' end labeled. The lines below the ORFs indicate the sizes and locations of the protected fragments observed. The broken line indicates the ambiguity in the size of one protected fragment. The number in parentheses indicates the map units at the PstI site. (B) Primer extension reactions using total RNA extracted from mock-infected (mi) or AcMNPV-infected (lanes 3 to 48) SF-21 cells at the times in hours shown above each lane. Cells were treated with cycloheximide in lanes 9C and 12C and with aphidicolin in lanes 9A and 12A, and were harvested at 9 or 12 h p.i. An oligonucleotide complementary to sequences starting at the first Sall site within lef-6 was used as a primer. Lanes G, A, T, and C are dideoxyribonucleotide sequencing reactions using the same primer and a plasmid containing this region. Numbers at the right indicate the sizes of labeled fragments used as size markers (see panel C). (C) SI nuclease protection analysis of lef-6 transcripts. In lanes P/BglI, P/NsiI, and P/KpnI, the 4.4-kbp labeled fragment labeled at the XbaI site (see panel A) was digested with BglI, NsiI, and KpnI, respectively, to provide size markers. Lane P contains the untreated labeled probe. times p.i. (e.g., 12 and 24 h p.i.), and its steady-state levels decreased by 48 h p.i. The temporal regulation and size of this late 1.8-kb RNA correspond to the largest late extension products from RNAs initiating upstream of Ac-iap (Fig. 4A,  arrows a, b, and c) .
Northern blot analysis of Ac-iap transcripts. A strandspecific RNA probe extending from the NsiI to the NruI sites within Ac-iap hybridized two RNAs on Northern blots which correspond in approximate size and temporal regulation to the 1.6-and 1.8-kb RNAs observed with the lef-6-specific probe. The smaller of the two RNAs was observed by 3 h p.i. and was sensitive to aphidicolin but not cycloheximide, similar to the 1.6-kb RNA in Northern blot hybridized to a lef-6-specific probe (Fig. 6B, arrow b) and in primer extension analyses using an Ac-iap-specific primer (Fig. 4A, arrows e) . Again, the increase in steady-state levels of this RNA at 24 h p.i. may correspond to a comigrating late transcript of approximately the same size (see above). The larger of the two RNAs was a late RNA present at 12, 24, and 48 h p.i. and sensitive to both aphidicolin and cycloheximide. This RNA was similar in temporal expression and size to the 1.8-kb RNA observed with the lef-6-specific probe and probably corresponds to the distal 
DISCUSSION
The gene functionally identified in this study, lef-6, is the ninth gene found to be involved in expression from the vp39 and polh promoters (23, (30) (31) (32) . These genes may function either as trans-acting transcriptional or translational activators or as primary or accessory replication factors, since late gene expression requires DNA replication. The lef-6 sequence predicts a product of 19,969 Da with no significant overall homology to other sequences in the data bases. There is some sequence similarity of LEF-6 to the C-terminal end of a 19-kDa DNA-dependent RNA polymerase subunit of vaccinia virus (1) over a stretch of 42 amino acids, but this similarity is very limited and may be coincidental. The lef-6 ORF contains a possible nuclear targeting sequence, KRPRR, from residues 100 to 104.
Transcriptional analyses of lef-6 revealed an early 0.95-kb monocistronic RNA initiating within Ac-iap and both early and late 1.6-kb bicistronic RNAs originating from promoters upstream of Ac-iap and overlapping the early lef-6 monocistronic RNA entirely. A late 1.8-kb RNA which may be polycistronic, specifying ORFs 1-3 and 2-8 ( Fig. 1A) as well as Ac-iap and lef-6, also appears to overlap entirely with the 0.95-kb lef-6-specific RNA. Although we did not perform 3' Si analysis using a probe labeled within Ac-iap and terminating past the Ac-iap ORF, we saw no evidence of Ac-iap-specific transcripts terminating at the polyadenylation site overlapping the Ac-iap termination codon by Northern blot analysis. The expected size of these Ac-iap-specific transcripts would be between 1.0 and 1.3 kb, depending on which of the start sites upstream of Ac-iap was used.
The pattern of lef-6 transcription is reminiscent of but not identical to cg3O transcription (40) . Early cg3O monocistronic RNAs originate from a promoter within its upstream ORF, vp39. At late times, cg3O is transcribed from vp39 promoters as part of a bicistronic RNA. Early vp39-cg3O bicistronic RNAs, however, were not observed. Although lef-6 and Ac-iap are cotranscribed, it is not known whether lef-6 is translated from the bicistronic RNAs; cg3O does not appear to be translated from the late vp39-cg3O bicistronic RNAs (33).
The early lef-6 monocistronic and Ac-iap-lef-6 bicistronic messages were differentially regulated. The monocistronic mRNA was most abundant at 9 h p.i., was stimulated by cycloheximide treatment, and persisted in the absence of DNA replication. The bicistronic early mRNA was more abundant about 12 h p.i. and was transcribed in the presence of cycloheximide but was not stimulated by this treatment. These Ac-iap-lef-6 RNAs either are not transcribed in the presence of aphidicolin or are rapidly degraded by early gene products present in aphidicolin-treated but not cycloheximide-treated cells. Differences in sensitivity to cycloheximide or aphidicolin are not novel to this region of the genome. A similar pattern of expression was also observed for some transcripts of the DNA polymerase gene (42) and for lef-1 (30) . Whether this pattern of expression is associated with a novel mechanism of regulation is not known.
Omission of the three library clones BC5, HL8, and HL5 eliminates all of the sequences within PstI-G (7.3 to 13.4 m.u.) from the clone library as well as other sequences. Another laboratory reported that ie-1 and two ORFs within PstI-G were sufficient to trans activate expression from another promoter (18a) . Although this promoter was described as a late promoter, the properties of the promoter have not been described VOL. 68, 1994 -7.- :2 in detail and the expression observed may not be due to late TAAG-initiated promoter activity. Also relevant is the fact that one of the two PstI-G ORFs reported to be required for expression was deleted from the genome without obvious effect on general viral gene expression or viral infectivity in cell culture and in vivo (28a). Although we have not excluded the possibility that another gene with a function redundant to that of lef-6 is also present in this region, expression from the late vp39 and very late polh promoters can be fully supported by deleting BC5, HL8, and HL5 from the library and supplying subclones containing lef-1 and lef-6.
